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Highlights
• Paleoshorelines of Lake Bonneville and Lahontan in the western U.S. are deformed.
• Deformation due to lake load implies low viscosity and thin elastic lithosphere.
• Lake load corrected shorelines exhibit northward dipping trend.
• Trend is caused by peripheral bulge associated with the Laurentide ice sheet.
• Trend implies low viscosity and constrains shape of Laurentide ice sheet.
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Abstract  22 
The deformation pattern of the paleoshorelines of extinct Lake Bonneville were among the first 23 
features to indicate that Earth’s interior responds viscoelastically to changes in surface loads 24 
(Gilbert, 1885). Here we revisit and extend this classic study of isostatic rebound with updated 25 
lake chronologies for Lake Bonneville and Lake Lahontan as well as revised elevation datasets 26 
of shoreline features. The first order domal pattern in the shoreline elevations can be explained 27 
by rebound associated with the removal of the lake load. We employ an iterative scheme to 28 
calculate the viscoelastic lake rebound, which accounts for the deformation of the solid Earth 29 
and gravity field, to calculate a lake load that is consistent with the load-deformed 30 
paleotopography. We find that the domal deformation requires a regional Earth structure that 31 
exhibits a thin elastic thickness of the lithosphere (15–25 km) and low sublithospheric Maxwell 32 
viscosity (~1019 Pa s). After correcting for rebound due to the lake load, shoreline feature 33 
elevations reveal a statistically significant northward dipping trend. We attribute this trend to 34 
continent-scale deformation caused by the ice peripheral bulge of the Laurentide ice sheet, and 35 
take advantage of the position of these lakes on the distal flank of the peripheral bulge to 36 
provide new insights on mantle viscosity and Laurentide ice sheet reconstructions. We perform 37 
ice loading calculations to quantify the deformation of the solid Earth, gravity field, and rotation 38 
axis that is caused by the growth and demise of the Laurentide ice sheet. We test three different 39 
ice reconstructions paired with a suite of viscosity profiles and confirm that the revealed trend 40 
can be explained by deformation associated with the Laurentide ice sheet when low viscosities 41 
below the asthenosphere are adopted. We obtain best fits to shoreline data using ice models 42 
that do not have the majority of ice in the eastern sectors of the Laurentide ice sheet, with the 43 
caveat that this result can be affected by lateral variations in viscosity. We show that pluvial 44 
lakes in the western United States can place valuable constraints on the Laurentide ice sheet, 45 
the shape of its peripheral bulge, and underlying mantle viscosity. 46 
 47 
 3
1. Introduction 48 
The western U.S. experienced a mean increase in precipitation during the last glacial cycle, 49 
which led to the formation of a series of pluvial lakes that filled the Basin and Range Province 50 
(e.g., Benson et al., 1990; Mifflin and Wheat, 1971). The most prominent of those is Lake 51 
Bonneville (30–10 ka), an extinct pluvial lake that occupied the eastern Great Basin (Fig. 1B). At 52 
its maximum extent (~18 ka) (Oviatt, 2015), the lake had a volume of around 10,300 km3 (Chen 53 
and Maloof, 2017), comparable to present-day Lake Superior. A significant portion of the lake 54 
drained out of Red Rock Pass around 18 ka, and the remainder formed the Provo lake stage, 55 
which lasted until about 15 ka (Oviatt, 2015) (Fig. 1B). What now remains of Lake Bonneville is 56 
the Great Salt Lake in Utah. During Lake Bonneville’s existence, the smaller Lake Lahontan 57 
(Fig. 1C) occupied the western part of the Great Basin and experienced a similar increase and 58 
decrease in lake volume, reaching its maximum extent at ca. 16–15 ka (Benson et al., 2013; 59 
Reheis et al., 2014) (Fig. 1A). 60 
 61 
Water stored in the basin during the occupation of these paleolakes exerted pressure on the 62 
lithosphere and mantle causing downward deflection of Earth’s surface. During these times, 63 
shoreline features demarcating the lake surface formed on the landscape. After the lakes 64 
drained, the solid Earth rebounded, pushing up shoreline features that formed on islands within 65 
the deepest part of the lake to elevations higher than those at the lake’s margin. Due to this 66 
differential uplift in response to the lake unloading, shoreline features at the lake’s center are 67 
today significantly higher than those on its periphery (Fig. 1D-F). This pattern is most apparent 68 
for features of the Bonneville lake stage, where differences in shoreline feature elevations are 69 
over 70 m (Fig. 1E). These paleoshorelines have played an instrumental role in the 70 
understanding of isostatic rebound on Earth. Gilbert (1885) reported this phenomenon and 71 
provided several possible explanations including isostatic adjustment to the lake load and 72 
changes in the gravitational equipotential surface due to load redistributions. While the latter are 73 
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small (Woodward, 1888), this early assessment paved the way for a gravitationally self-74 
consistent rebound theory that is used in ice age sea level calculations today (Whitehouse, 75 
2018).  76 
 77 
The amount of deflection of Lake Bonneville shorelines has been used in numerous studies to 78 
constrain Earth’s local viscoelastic properties (Bills and May, 1987; Cathles, 1975; Crittenden, 79 
1963; Iwasaki and Matsu’ura, 1982; Nakiboglu and Lambeck, 1982; Passey, 1981). Most 80 
recently, Bills et al. (1994) performed an inversion for a multilayer viscosity model and a fixed 81 
lake load history resulting in a viscosity profile that exhibits a very low viscosity channel (4 x 1017 82 
Pa s) beneath the lithosphere that increases to 2.5 x 1020 Pa s at a depth of 150 km. The 83 
lithosphere consists of a thin high viscosity layer (2 x 1024 Pa s from 0 to 10 km depth) followed 84 
by an intermediate layer (~5 x 1020 Pa s from 10 to 40 km depth). The rebound pattern of Lake 85 
Lahontan was recognized significantly later than that of Lake Bonneville (Mifflin and Wheat, 86 
1971), likely due to its smaller magnitude, with differences in shoreline feature elevations of only 87 
up to 25 m (Fig. 1D). Adams et al. (1999) investigated the shoreline feature elevations, and Bills 88 
et al. (2007) used them together with a fixed lake load history to identify a very low 89 
sublithospheric viscosity (less than 1018 Pa s between 80–160 km). This minimum viscosity is 90 
comparable to the values obtained for the Lake Bonneville region but might extend over a larger 91 
depth range (Bills et al., 2007). Post-seismic studies from Lake Lahontan find slightly lower 92 
viscosities over the same depth range but overlap within uncertainty with the lake rebound 93 
obtained viscosities (Dickinson et al., 2016).  94 
 95 
These Basin and Range sub-lithospheric viscosity estimates are significantly lower than global 96 
average estimates at this depth of ~5 x 1020 Pa s, obtained from observations derived from 97 
postglacial rebound (Peltier et al., 2015). Both Bonneville and Lahontan lie within the Basin and 98 
Range Province, which formed as a result of extension-related faulting (Sonder and Jones, 99 
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1999). Joint inversions of seismic and petrologic studies indicate that this region is 100 
characterized by a thin crust (30–35 km), shallow lithosphere-asthenosphere boundary (50–55 101 
km), and a high asthenospheric potential temperature of 1525 ºC (Leki? and Fischer, 2014; 102 
Plank and Forsyth, 2016). These elevated sublithospheric temperatures are consistent with 103 
body wave tomography results that reveal relatively high S- and P-wave speeds and a high P to 104 
S-wave speed ratio, which suggests the presence of sublithospheric melt (Schmandt and 105 
Humphreys, 2010). The low viscosity estimates derived from lake rebound studies is therefore 106 
consistent with the notion that Earth structure underneath the Western U.S. is significantly 107 
weaker than cratonic sites such as the Canadian and Fennoscandian shields from which 108 
rebound-based estimates of viscosity are normally obtained (Lau et al., 2018). 109 
 110 
Even after the lake rebound signal is corrected for, longer wavelength spatial trends in shoreline 111 
elevations remain. For Lake Bonneville, this residual has largely been attributed to tectonic and 112 
crustal deformation such as displacement along the tectonically active Wasatch fault, which 113 
straddles the eastern flank of the paleolake (Bills et al., 1994; Nakiboglu and Lambeck, 1982). 114 
Similarly, a northward dipping trend in the residual Lake Lahontan shorelines has been linked to 115 
tectonics associated with the Yellowstone hot spot (Bills et al., 2007). An alternative explanation 116 
put forth earlier by Bills and May (1987) explained a possible northward dipping trend in the 117 
residual shoreline of Lake Bonneville with the lake’s location on the peripheral bulge of the 118 
Laurentide ice sheet. Postglacial rebound calculations of the North American peripheral bulge 119 
place these western U.S. lakes on the ice-distal side of the bulge. This long wavelength trend in 120 
topography is sampled by these much smaller lakes (Fig. 2A), resulting in paleoshoreline 121 
features that are expected to dip downward towards the ice sheet (Fig. 2B). In addition to solid 122 
Earth deformation, the Laurentide ice sheet also deforms the gravity field, exerting a 123 
gravitational pull on water in the lake. This effect by itself would cause an upward dip (towards 124 
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the ice sheet) in paleoshoreline features, counteracting to some extent the downward dipping 125 
signal associated with the solid Earth (Fig. 2B).  126 
 127 
In this study, we revisit this classic rebound problem to investigate the putative northward 128 
dipping trend in the paleolake shoreline features of Lake Lahontan and Lake Bonneville. We use 129 
revised shoreline feature elevations and updated chronologies of lake level histories together 130 
with state-of-the-art isostatic adjustment modeling to test the hypothesis that a statistically 131 
significant northward dipping trend can be detected in all lake stages once the lake rebound 132 
pattern is corrected for. We further use three different ice sheet reconstructions together with an 133 
ice age sea level calculation to investigate which ice sheet—mantle viscosity structure 134 
combination best reproduces the observed lake tilt. While proglacial lakes have been used to 135 
constrain ice sheet evolution and mantle viscosity in recent work (Gowan et al., 2016; Lambeck 136 
et al., 2017), this study is the first to investigate the deformation of distant pluvial lake 137 
shorelines.  138 
 139 
 140 
2. Observations 141 
 142 
2.1 Lake chronology  143 
Lake Bonneville and Lake Lahontan were the two largest pluvial lakes in the Great Basin during 144 
the last Pleistocene glaciation (~30–10 ka; Fig. 1C). A common misconception is that these 145 
lakes were hydrographically connected to the Laurentide or Cordilleran ice sheets as ice-146 
dammed or glacial lakes; in actuality, these lakes were hydrographically distinct and instead fed 147 
by local precipitation and snowmelt delivered by perennial rivers (Reheis et al., 2014). Both 148 
lakes occupied basins of similar topographic characteristics, filling in broad and flat valley floors 149 
surrounded by steep mountainsides consistent with the extensional tectonic regime of the Basin 150 
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and Range Province. Although both lakes were essentially contemporaneous, the lake level 151 
history of Lake Bonneville is better constrained. Lake Bonneville was a deeper lake existing as a 152 
single entity over a greater period of its history. Thus, a reconstruction of its lake level history 153 
that is consistent with most interpretations of sediment core and outcrop evidence has been 154 
more feasible. In contrast, the shallower Lake Lahontan existed as several smaller, 155 
disconnected sub-basins for most of its history, complicating attempts to reach consensus on its 156 
lake level history (Benson et al., 2013; Bills et al., 2007; Reheis et al., 2014). 157 
 158 
Figs 1A and 1B depict the most recent reconstructions of lake level histories for Lake Lahontan 159 
and Lake Bonneville, respectively. Both histories were derived from many decades of extensive 160 
field and sediment core observations and are constrained by hundreds of radiometric dates on 161 
organic material, tufas, and tephras extracted from cores, exposed outcrops of lake deposits, 162 
and deposits associated with geomorphic shoreline features (e.g., Adams et al., 1999; Briggs et 163 
al., 2005; Oviatt, 1997; Oviatt et al., 1992; Patrickson et al., 2010; Sack, 2015; Spencer et al., 164 
2015). During their existence, each lake experienced a rise (transgression) and fall (regression) 165 
of water level, and in certain instances, left behind evidence of their evolution in the form of 166 
prominent shorelines features. Of the many sequences of paleoshorelines available, the 167 
shoreline features most relevant to this study are those associated with the maximum extent of 168 
Lake Lahontan, the Sehoo lake stage (~15 ka; Figs 1A and D), and the Bonneville and Provo 169 
lake stages of Lake Bonneville (18 ka and 18–15 ka; Figs 1B, E and F). Evidence suggests that 170 
Lake Bonneville did not occupy its maximum extent, the Bonneville lake stage, for more than a 171 
few hundred years (Gilbert, 1885; Oviatt and Jewell, 2016) before a catastrophic collapse of an 172 
alluvial-fan dam dropped lake levels by 100 m to settle at the Provo level (Miller et al., 2013). 173 
 174 
For clarity and simplicity, we hereafter use Sehoo in reference to the stage at which Lake 175 
Lahontan reached its greatest extent (e.g., the Sehoo shoreline or Sehoo lake stage), and 176 
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Bonneville and Provo in reference those stages associated with Lake Bonneville’s history (e.g., 177 
the Bonneville shoreline or Provo lake stage). The phrases Lake Lahontan and Lake Bonneville 178 
will only be used when referring to the entire lake cycle, encompassing all fluctuations depicted 179 
in Figs 1A, B; earlier major lake cycles in these basins exist and have other names (Oviatt et al., 180 
1999). 181 
 182 
We note that there are differences in the degree of certainty in the different lake level 183 
reconstructions. For example, it is thought that the timing of the Bonneville lake stage is much 184 
better constrained than the end of the overflowing phase at the Provo shoreline (Oviatt, 2015). 185 
In the case for Lake Lahontan, different interpretations of sediment cores and outcrops have 186 
also led to conflicting lake level reconstructions (Reheis et al., 2014). Despite these nuances, 187 
our experimental design requires that we take the interpreted lake level curves at face value. 188 
We use the lake level histories by Oviatt (2015) and Benson et al. (2013) for Lake Bonneville 189 
and Lake Lahontan, respectively, to constrain the temporal evolution of the lake load in our 190 
model, one of the key initializing inputs in our workflow (Fig. S1). In each iteration, we update 191 
the lake level curve such that it coincides with the shoreline feature elevations on the modeled 192 
paleotopography (see Section 3.1 and Fig. S1). Lastly, we test the sensitivity of our results to 193 
the timing of the end of the Provo lake stage. 194 
 195 
2.2 Shoreline data 196 
We use elevation data of shoreline features from three sources: Adams et al. (1999), which 197 
provides data for the Sehoo shoreline of Lake Lahontan; Currey (1982) for both the Bonneville 198 
and Provo stages of Lake Bonneville; and Chen and Maloof (2017) for the Bonneville stage of 199 
Lake Bonneville. We note that an important part of the study carried out by Chen and Maloof 200 
(2017) was a revisitation of the Bonneville shoreline feature data collected by Currey (1982). 201 
Because Currey (1982) carried his study out prior to GPS availability, approximately half of his 202 
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sites were remeasured with modern differential GPS technology (Chen & Maloof, 2017). 203 
Therefore, while we use the Currey (1982) dataset of Provo shoreline features in its entirety, we 204 
combine both datasets by Currey (1982) and Chen and Maloof (2017) for our analysis of 205 
Bonneville shoreline features, opting to use revisited measurements by Chen and Maloof (2017) 206 
when available. In total, these datasets provide shoreline feature elevation constraints at 170 207 
sites for the Sehoo lake stage; 274 sites for the Bonneville lake stage; and 112 sites for the 208 
Provo lake stage (Fig. 1D-F). 209 
 210 
In order to use all three datasets simultaneously, additional processing is required. First, the 211 
longitude, latitude, and elevation data are converted to use the same coordinate system and 212 
vertical datum: the North American Datum of 1983 (NAD 83) and the North American Vertical 213 
Datum of 1988 (NAVD 88) (see Supplementary Material, SM, for details). Second, we address 214 
potential biases introduced by differences in the tools and methods used to measure shoreline 215 
feature elevations. While all the data by Adams et al. (1999) and Chen and Maloof (2017) were 216 
in-field measurements made by total station survey and GPS, the data by Currey (1982) have 217 
been shown to generally overestimate the elevation of features (by 1.8 ± 1.4 m, on average) 218 
(Chen and Maloof, 2017). Therefore, we apply an adjustment to the data by Currey (1982) 219 
based on the method used for each site (see SM for details). Third, we address potential biases 220 
introduced by different shoreline feature types in each dataset. Along a shoreline of a lake, 221 
many processes associated with the same body of water can form adjacent shoreline features 222 
with differing morphological characteristics. Such features include spits, barrier ridges, pocket 223 
barriers, wave-cut terraces, and incised alluvial fans (e.g., Adams and Wesnousky, 1998; Chen 224 
and Maloof, 2017). Because we require solid earth deformation patterns as captured by 225 
shoreline features that record the position of the mean formative water surface (the still water 226 
level; SWL), we must consider differences in how this surface is manifested by each type of 227 
shoreline feature. To account for such differences we implement a scheme similar to that of 228 
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Chen and Maloof (2017) to determine SWL constraints from elevational measurements of 229 
shoreline features gathered by Currey (1982) and Adams et al. (1999) (see SM for details). 230 
 231 
Because we are solely interested in understanding the deformation pattern induced by lake 232 
rebound and a possible regional tilt, we also remove from our analysis shoreline features which 233 
are known to have, or are strongly suspected of having, undergone a non-negligible amount of 234 
local, post-depositional displacement by other processes. Examples of such excluded data 235 
include shoreline features associated with the Wasatch Fault flanking the eastern boundary of 236 
Lake Bonneville, and localities associated with Pahvant Butte or Cove Creek Dome that have 237 
undergone volcanic deformation since the Holocene (see SM for details, Fig. 1E).  238 
 239 
3. Viscoelastic model 240 
We calculate the deformational and gravitational response to Pleistocene lake and ice loads 241 
globally using a spectral approach with spherically symmetric Maxwell rheology (Peltier, 1974). 242 
Previous work employed a half-space geometry and did not account for gravitational effects 243 
(Bills et al., 2007; Bills et al., 1994).  244 
 245 
3.1 Lake rebound modeling  246 
Calculating the response of the solid Earth to changes in the pluvial lakes requires inputs of 247 
Earth’s internal viscoelastic structure and the temporal evolution of the lake load. We perform a 248 
suite of calculations in which we vary the elastic thickness of the lithosphere and sub-249 
lithospheric viscosity. It is important to note that the elastic thickness of the lithosphere, as 250 
utilized here, is a quantity that can differ from lithospheric thickness estimates obtained from 251 
seismology or geochemistry (Watts et al., 2013). In our calculations, the lithosphere is treated 252 
as a completely elastic solid, while an underlying mantle that is treated viscoelastically. 253 
 254 
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The lake volume could be estimated using the elevation of the lake shoreline (Fig. 1A, B) and 255 
the present-day topography. However, this approach underestimates the lake volume because it 256 
neglects the downward deflection of the lake basin when the lake load was present. For 257 
example, for Lake Bonneville, the lake volume would be underestimated by nearly 20% (Fig. 258 
S2C). Thus, estimates of paleolake volumes and lake level curves are dependent on the spatial 259 
pattern and magnitude of lake rebound, and vice versa. To avoid this circularity, we iteratively 260 
calculate the lake volume, self-consistently accounting for the deflection of the solid Earth and 261 
its gravity field (Fig. S1).  262 
 263 
We begin with an initial estimate of the lake volume that we derive by filling the present-day 264 
topography following a given lake level curve (Figs. 1A, B). We use present-day topography 265 
from ETOPO1 (Amante and Eakins, 2009) (approx. 1.8 km spatial resolution). Next, we step 266 
through time, calculating the gravitational and deformational response to this changing load for 267 
a given viscoelastic Earth structure (Peltier, 1974). We do not assume isostatic equilibrium at 268 
each timestep but account for the full time-dependent viscoelastic and gravitational response. 269 
Since this signal is smooth, this calculation can be performed at a coarser resolution (ca. 20 270 
km). The resulting time-varying topographic change is linearly interpolated onto a grid of higher 271 
resolution and combined with present-day topography to obtain a time-dependent, 272 
reconstructed, high-resolution paleotopography.  273 
 274 
The adjusted topography, together with the lake level curve, is then used to re-calculate the 275 
time-dependent lake volume. This new lake volume is once more used to calculate the solid 276 
Earth response. We iterate over this procedure until the solid Earth response and the lake 277 
volume remain unchanged for any further iteration. In each iteration, we aim to verify that the 278 
prescribed lake level curve fills the lake up to the observed SWL (and not higher or lower) 279 
during the Sehoo, Bonneville, and Provo lake stage. To accomplish this goal, we include one 280 
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additional step in each iteration. After the deflection due to lake loading is calculated, we 281 
determine the adjusted elevation of the observed SWL on the new paleotopography. For 282 
example, if SWL is inferred to be at 1550 m at a certain location today and loading deflected this 283 
site down to 1530 m, the adjusted elevation of SWL corrected for deformation is 1530 m. We 284 
next update the lake level curve to fill the lake up to the mean adjusted elevation of all SWL data 285 
points during the lake stages for which we have observations (Sehoo, Bonneville, and Provo). 286 
This iterative procedure results in the three self-consistently calculated quantities: (1) 287 
reconstructed paleotopography, (2) lake level histories and (3) lake volumes for both Lakes 288 
Bonneville and Lahontan (Fig. S2).  289 
 290 
3.2 Ice age modeling 291 
In order to calculate the response of the solid Earth to the changing Laurentide ice sheet, we 292 
use a gravitationally self-consistent approach to solve the sea level equation (Kendall et al., 293 
2005). This approach takes the redistribution of water between ice and oceans into account and 294 
accurately captures the migration of coastal shorelines and changes in Earth’s rotation axis. We 295 
use three ice models for our ice load: ICE-6G (Peltier et al., 2015), the LW-6 ANU ice model 296 
(Lambeck et al., 2017) and NAICE (Gowan et al., 2016). For ICE-6G, we remove mountain 297 
glaciers in the western U.S. because their size in this ice model is significantly larger than actual 298 
reconstructions of glacier sizes derived from moraine studies (Fig. S3, Table S1 and references 299 
therein).  300 
 301 
All ice models are based on different sets of relative sea level curves from around the ice sheet 302 
and GPS observations of present-day solid Earth deformation. The ANU and NAICE models 303 
further use proglacial lake levels as constraints in their reconstruction. The ICE-6G and NAICE 304 
models use a fixed Earth viscosity model and invert for the ice evolution, while the ANU model 305 
jointly inverts for ice and Earth parameters. The ICE-6G and ANU models consider the 306 
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requirement of matching the LGM sea level lowstand and adjust the ice evolution without explicit 307 
ice physics requirements. In contrast, the NAICE model does not attempt to match the large 308 
LGM ice mass needed to match the LGM sea level lowstand, but does employ a physical ice 309 
sheet model to determine the shape of the ice sheet.  310 
 311 
As a result of the wide variety of constraints adopted, the ice models vary significantly. Notably, 312 
the ICE-6G ice sheet has the largest volume overall and the ICE-6G and ANU ice models have 313 
large ice domes over Hudson Bay, which is absent in the NAICE model (Fig. 3). The ice volume 314 
in the region just north of the western U.S. (red square in Fig. 3C) is also largest in the ICE-6G 315 
model and similar in size between the ANU and NAICE model (Fig. 3D). Furthermore, their 316 
temporal evolutions differ. Both the ICE-6G and ANU ice models reach their maximum extent 317 
early (26 ka), which is related to fitting the LGM sea level lowstand, while the NAICE model 318 
exhibits a later maximum ice extent around 19 ka, during which ice mass in the southwestern 319 
Laurentide exceeds that of the ANU ice model. The main ice retreat in the NAICE model occurs 320 
after 17 ka, while it is later in the ANU and ICE-6G model (after 14.5 ka).  321 
 322 
We pair each ice model with different models of Earth’s internal viscoelastic structure and 323 
compare the resulting shape of the peripheral bulge to the lake rebound corrected shoreline 324 
elevations. The formation and collapse of the Laurentide ice sheet’s peripheral bulge itself also 325 
affects the spatial distribution of the lake load described in Section 3.1. Therefore, we must 326 
perform an additional suite of iterative lake rebound calculations in which we include this ice age 327 
deflection in the time-dependent paleotopography that is used to self-consistently calculate the 328 
lake volume (Section 3.1, Fig. S1).  329 
 330 
 331 
4. Results and Discussion 332 
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 333 
4.1 Deflection due to lake rebound 334 
We investigate the fit between the reconstructed SWL and the predicted lake rebound that is 335 
obtained using the algorithm outlined in Section 3.1. For the Earth model, we vary the elastic 336 
thickness of the lithosphere from 10 km to 30 km and explore sub-lithospheric viscosities 337 
spanning a range of 5 x 1018 to 5 x 1019 Pa s, guided by earlier inversions (Bills et al., 2007; Bills 338 
et al., 1994). The lake rebound pattern will only be sensitive to shallow mantle structure given 339 
the limited lateral extent of the lake. We used perturbation theory to calculate the viscosity 340 
sensitivity kernel (Lau et al., 2016) and found that for a reference model with a 25km thick 341 
elastic lithosphere and 1019 Pa s a upper mantle viscosity, the sensitivity of the lake rebound 342 
induced surface deflection rapidly decreases below 300km. We therefore choose the sub-343 
lithospheric viscosity to extend to 300 km depth, and fix the viscosity structure beneath to that of 344 
the standard VM5 viscosity profile (Peltier et al., 2015). For the elastic and density structure, we 345 
assume PREM (Dziewonski and Anderson, 1981).  346 
 347 
To evaluate the misfit between our predictions and the observations, we use the reduced chi-348 
squared metric, ????? : 349 
????? ? ???? ? ?
????????
???
????                                         (1) 350 
 351 
where n is the number of observations, m is the number of fitted parameters, pi and oi are the i-352 
th predicted and observed SWL, respectively, and σi is the latter’s uncertainty. The smaller this 353 
metric, the better the fit, however, once ?????  is 1, the fit is as good as would be expected given 354 
the uncertainties in the observations. We will report the number of fitted parameters (m) that we 355 
use in each calculation throughout the study.  356 
 357 
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We find that the best fitting Earth model is not the same between the different lakes (Fig. 4). 358 
While the Sehoo and Bonneville lake stages are most consistent with an elastic thickness of 20–359 
25 km and a low viscosity (< 2 x 1019 Pa s), best fits for the Provo lake stage are obtained for a 360 
slightly thinner elastic thickness (15–20 km) and a stiffer underlying mantle (> 3 x 1019 Pa s). 361 
The higher misfits at low viscosities for the Provo lake stage are due to an underprediction of 362 
the magnitude of rebound. A larger magnitude can be obtained if the lake at the Provo lake 363 
stage is not in isostatic equilibrium but instead still experiences remnant deformation from the 364 
larger magnitude Bonneville deformation. Therefore, the discrepancy between the Bonneville 365 
and Provo shorelines can be reduced if the Provo lake stage formed earlier than 15 ka. 366 
Sensitivity tests demonstrate that the region of best fit is pushed towards weaker viscosities for 367 
earlier times of formation (Fig. S4). If the Provo shoreline features formed 1,000 years earlier 368 
(16 ka), the best-fitting Bonneville and Provo lake stage viscoelastic models would be more 369 
consistent. This earlier time of formation is within the data uncertainty of the Provo shoreline 370 
(Oviatt, 2015). Another possible explanation for this discrepancy is that a two-parameter Earth 371 
model is not sufficient to capture the deformation of the shoreline. Repeating our analysis with 372 
the viscosity profile by Bills et al. (1994), which uses a 9-layer viscosity profile (including the 373 
lithosphere) that was inverted for using similar shoreline elevations, results in ?????  values of 374 
0.62, 11.5, and 3.0 (m = 9) for Sehoo, Bonneville, and Provo lake stages, respectively. Note that 375 
the ?????  for the Bonneville lake stage is higher due to the lower data uncertainty. With exception 376 
to the Provo lake stage, these ?????  values are higher than those obtained using our best fitting 377 
viscosity structures (?????  of 0.61, 10.2, and 3.3 (m = 2) for Sehoo, Bonneville, and Provo lake 378 
stages, respectively; viscosity structure marked by white box in Fig. 4).  379 
 380 
In the remainder of this study, we will use a model with an elastic lithospheric thickness of 20 381 
km and a sublithospheric viscosity of 2 x 1019 Pa s (white box in Fig. 4), which reasonably 382 
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captures the rebounds of Lake Lahontan and Lake Bonneville (Fig. 5). We infer a volume of 383 
10,250 km3 and 4,920 km3 for the Bonneville and Provo lake stage, respectively (Fig. S2C), 384 
which is in agreement with the Bonneville volume estimates made by Chen and Maloof (2017), 385 
but slightly smaller than estimates by Adams and Bills (2016) who obtained 10,420 km3 and 386 
5,290 km3 for the Bonneville and Provo lake stage, respectively. The volume for the Sehoo lake 387 
stage is 2.0 km3 (Fig. S2F), which is slightly smaller than the value of 2.2 km3 used by Bills et al. 388 
(2007) that is based on shoreline elevations from Benson et al. (1995). 389 
 390 
To investigate any remaining residual deflection in the shoreline data, we remove the predicted 391 
lake rebound pattern from the observations (Fig. 6A-C). We find a noticeable north-south trend 392 
in the residual shoreline data, tilted down towards north (Fig. 6D-F). We employ the Mann-393 
Kendall test to investigate whether there is a monotonic (upward or downward) trend in the data 394 
that significantly differs from zero (Kendall and Gibbons, 1990). For all three lakes, the results of 395 
the Mann-Kendall test indicate that there is a north-south trend to a 99.9% level of significance. 396 
 397 
4.2 Deflection due to ice peripheral forebulge 398 
Next, we test the hypothesis that the trends detected in the lake rebound corrected shoreline 399 
observations (Fig. 6D-F) are caused by the long wavelength deformation associated with the 400 
Laurentide ice sheet. We perform a suite of ice age calculations following the method described 401 
in Section 3.2. These model predictions will be sensitive the evolution of the Laurentide ice 402 
sheet and viscosities at greater depth compared to the lake rebound given the larger spatial 403 
extent of the Laurentide ice sheet. We explore three ice models (ICE-6G, ANU, and NAICE) and 404 
a suite of mantle viscosities. To maintain a fit to the lake rebound patterns, we construct 405 
viscosity profiles that follow our best fit model from Section 4.2 (20 km elastic lithospheric 406 
thickness and 2 x 1019 Pa s sublithospheric viscosity) and vary the viscosity between 300 km 407 
and the base of the transition zone (670 km) from 1020 Pa s to 1021 Pa s and the viscosity 408 
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between the base of the transition zone and 1175 km depth from 5 x 1020 Pa s to 5 x 1021 Pa s 409 
(grey shaded bands in Fig. 7). Each ice model is associated with a specific viscosity profile (Fig. 410 
7), which mostly represents mantle structure underneath the Canadian shield. We deviate from 411 
these profiles here in order to investigate Earth structure underneath the western U.S. and pair 412 
each ice model with different models of Earth’s internal viscoelastic structure. 413 
 414 
Ideally we would like to perform calculations with lateral viscosity variations. However, these 415 
calculations are computationally expensive and not well suited to explore the parameter space. 416 
We therefore perform calculations with radially symmetric viscosity structures that allow running 417 
many ice—viscosity scenarios. However, this approach comes at the expense that viscosity 418 
profiles are global and, in this case, incorrect in locations such as for example Hudson Bay. In 419 
light of this, we perform one additional calculation with lateral variations in viscosity to explore 420 
this model limitation (see SM).  421 
 422 
Once more, we determine ?????  between the observations and predictions, which now includes 423 
both the prediction for lake rebound and ice peripheral forebulge deformation. In the lake 424 
rebound calculation, we now include the ice age tilt in our paleotopography, causing slight 425 
movement of the water load towards the southern part of the lake that modifies the loading. To 426 
test whether the fit to the data is significantly improved when a modeled ice age tilt is included, 427 
we use a two-sample F-test. This test assesses the degree to which the variance in the lake 428 
rebound corrected observations is distinct from the variance in the observations that are 429 
corrected for both the lake rebound and the ice age tilt, accounting for uncertainty in the 430 
observations. 431 
 432 
4.2.1 Trends in viscosity 433 
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Modeling results show that the higher the viscosity (in parts of the upper or lower mantle), the 434 
larger the predicted tilt across the forebulge. Increasing viscosity in the parts of the upper and 435 
lower mantle that we vary here leads to a higher viscosity contrast across 300km depth and 670 436 
km depth, both of which results in flow that is more localized at shallow depth, leading to a 437 
steeper peripheral bulge. The sensitivity to the ice age tilt is largest for the Bonneville lake stage 438 
(Fig. 8B, E, H). At high viscosities, the ice age tilt that is predicted is larger than the lake 439 
rebound corrected elevations, leading to an increase in ?????  compared to no ice age tilt 440 
correction (purple color, Fig. 8). However, at lower viscosities, the ice age tilt is flatter and 441 
results in a good fit to the observed tilt in the lake rebound corrected shoreline observations 442 
(green color, Fig. 8). For the Bonneville lake stage, the F-test reveals that the spread of the 443 
residuals is significantly improved when low viscosity Earth models are adopted (Fig. 8B, E, 444 
solid line 90% significance level; dashed line 85% significance level). The ?????  metric shows 445 
that for the Sehoo and Provo lake stages, the fit improves for most viscosity structures when the 446 
ice age tilt is considered (especially Fig. 8A, C, D, F), but the spread of the residuals is not 447 
significantly reduced (note how no areas are outlined by a black solid or dashed line). 448 
 449 
4.2.2 Trends across ice sheet reconstructions 450 
For the ICE-6G ice model, tilt predictions for the Bonneville lake stage match the lake rebound 451 
corrected observations for low viscosities in the parts of the upper and lower mantle that are 452 
varied here, with trade-offs between the two (black outline, Fig. 8B). The ANU ice model does 453 
not lead to a significant reduction in the variability of residuals (at 90% significance) for the 454 
Bonneville lake stage, which indicates that, for our viscosity range, this ice model does not 455 
capture the tilt as well as the other ice models. Overall, the ?????  values vary less between runs 456 
for the ANU model, which suggests that the sensitivity to viscosity variations is lower for this ice 457 
model. The NAICE model leads to similar results compared to ICE-6G, despite the significant 458 
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differences in the ice history (Fig. 8B, H). For the Bonneville lake stage, tilt predictions match 459 
the lake rebound corrected observations best for low viscosities in the parts of the upper and 460 
lower mantle varied here, with trade-offs between the two (black outline, Fig. 8H). Lastly, this ice 461 
model shows most sensitivity to the Sehoo and Provo shorelines because it results in the 462 
largest peripheral bulge for high viscosities.  463 
 464 
The ICE-6G ice model has significantly more ice volume than the other ice models, which leads 465 
to a larger peripheral bulge (Figs. S5A). However, more ice volume also results in stronger 466 
gravitational attraction, counteracting the tilt in the paleoshorelines caused by peripheral bulge 467 
deformation (Fig. 2B, Fig. S5B). Considering the Bonneville lake stage, ICE-6G results in a 468 
large peripheral bulge that is only somewhat compensated by the self-gravitation effect of the 469 
ice sheet, causing a significant tilt across the lake (Fig. S5C). The smaller NAICE ice model on 470 
the other hand leads to a smaller peripheral bulge, but also less self-gravitation resulting in the 471 
preservation of the tilt signal across the lake (Fig. S5G-I). In the ANU ice model, the ice 472 
distribution in the western Laurentide ice sheet is significantly smaller than the eastern 473 
Laurentide ice sheet (Fig. 3B). As a consequence, the peripheral bulge is centered on South 474 
Dakota to the northeast of Lake Bonneville rather than directly north as is the case for ICE-6G 475 
and NAICE (Fig. S5D-F). Therefore the ANU ice model leads to slightly less sensitivity to the 476 
specific viscosity profile and a worse fit to the clear north-south trend in the residuals. 477 
 478 
Considering the lake stages at 15 ka, the NAICE model leads to the largest peripheral bulge, 479 
despite significantly less ice volume than the other ice models (Fig. 3D). This result can be 480 
explained by the interplay of forebulge deformation and self-gravity of the ice sheet. In the 481 
NAICE ice model, the ice sheet retreats rapidly after 17 ka associated with the collapse of the 482 
Laurentide?Cordilleran Ice Sheet saddle. In response to this retreat, the peripheral bulge slowly 483 
subsides, leading to a peripheral bulge at 15 ka that is smaller than the one in both ICE-6G and 484 
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ANU, but still significant. The loss of self-gravitation associated with the ice sheet is, in contrast, 485 
instantaneous, and thus no longer counteracts the deformation associated with the peripheral 486 
bulge. The combined result is that NAICE exhibits the largest tilt signal among the three ice 487 
models (Fig. S6).  488 
 489 
4.2.3 Discussion of preferred ice-Earth model 490 
The best fitting ice-Earth model (lowest overall ????? ) is the NAICE ice sheet model paired with a 491 
viscosity of 2.5 x 1020 Pa s between 300 – 670km depth and 5 x 1020 Pa s below that (white 492 
rectangle, Fig. 8H). A direct comparison between the lake rebound corrected shorelines and the 493 
ice age tilt from this model shows good agreement (Fig. 9). As described in Section 3.2, this 494 
calculation includes a recalculation of the lake rebound that takes the ice age deformation (solid 495 
Earth tilt and gravitational effects) into account, which causes the distribution of the water load 496 
to shift southward. This adjustment leads to less rebound in the northern part of the lake and 497 
slightly more rebound in the southern part, resulting in deformed contours within the lake (Fig. 498 
9A–C). Overall this process acts to slightly decrease the inferred water volume for Lake 499 
Bonneville resulting in a volume of 10,187 km3 and 4,893 km3 for the Bonneville and Provo lake 500 
stage, respectively. After the correction for the ice age tilt, there is no longer a significant north-501 
south trend in the corrected observations (Fig. 9D-F, significance level 95%). Using our iterative 502 
approach to calculating the lake rebound and tilt corrected paleotopography, we provide gridded 503 
datasets of reconstructed water depth for the Sehoo, Bonneville, and Provo lakes (see SM, Fig. 504 
S7). 505 
 506 
Our best fitting Earth structure models have viscosities that are low relative to a Laurentide-507 
centered viscosity model throughout the mantle (Fig. 7). However, trade-offs exist and may 508 
allow for higher viscosities in the lower mantle, which would require an even lower viscosity in 509 
the upper mantle between 300 – 670km depth. The low viscosity throughout the upper and 510 
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lower mantle and the corresponding muted deformation of the peripheral bulge is consistent 511 
with sea level indicators along the U.S. West Coast (Creveling et al., 2017). A low viscosity 512 
across the upper mantle also has been found for far-field sea level sites (Lambeck et al., 2017) 513 
and underneath the Amundsen Sea (Barletta et al., 2018). However, at greater depths (>400 514 
km), seismic tomography suggests the presence of slab fragments associated with multiple 515 
stages of subduction (Sigloch, 2011), which would be expected to result in higher viscosities 516 
compared to what is found here.  517 
 518 
4.2.4 Limitations of this analysis 519 
There are several limitations to our results. First, our results are non-unique and trade-offs exist 520 
in the viscosity model and the ice sheet reconstruction. It is likely that including additional, 521 
potentially high viscosity intermediate layers interspersed with lower viscosity layers could 522 
produce an equally good fit to the observed ice age tilt. Trade-offs also exist in the ice sheet 523 
reconstruction regarding the size of the ice sheet, the time of ice growth and the spatial 524 
distribution.  525 
 526 
Second, while the observations derived from the lake rebound process represent a local 527 
constraint on subsurface viscosity structure, the ice age tilt has sensitivity to viscosity structure 528 
that extends to depth (as explored here) as well as laterally, towards the former ice sheet 529 
(Crawford et al., 2018). We explore this sensitivity with one additional exploratory simulation 530 
(see SM, Figs S8 and S9) and find that lateral variations in viscosity can affect the direction of 531 
the peripheral bulge tilt. Particularly we find that low viscosities associated with the Yellowstone 532 
hotspot can lead to a northeast-southwest tilt in the prediction. While this trend is not evident in 533 
the data, when combined with the ANU ice model it could lead to a more north-south trending 534 
forebulge. These results are very sensitive to the specific shape and magnitude of lateral 535 
viscosity variations, which remain poorly understood. Exploring these, paired with a variety of 536 
 22
ice models, requires more efficient inversion schemes for models with lateral variability in Earth 537 
structure, which are currently being developed (Crawford et al., 2018). 538 
 539 
4.3 Remaining patterns in shoreline elevations 540 
While the ice age tilt can explain a significant portion of the lake rebound corrected elevations, 541 
systematic residuals persist (Fig. 10). The ?????  parameter is below 1 for the Sehoo lake stage, 542 
which suggests that the shoreline elevations can be explained by our two modeled processes, 543 
within observational uncertainty. By contrast, ?????  remains above 1 for Lake Bonneville, 544 
indicating that additional mechanisms of post depositional deformation are required to explain 545 
the spread in the data. Particularly, there is an additional east-west trending pattern in the lake 546 
rebound and ice age tilt corrected shoreline elevations of Lake Bonneville (Fig. 10A, B). The 547 
eastern flank of Lake Bonneville is bordered by the Wasatch fault, which has been active since 548 
the formation of the paleolake shorelines (USGS, 2017) and vertical displacements since the 549 
Holocene are on the order of meters (DuRoss, 2008). Additional parallel faults exist that have 550 
experienced less displacement (Fig. 10C) (Friedrich et al., 2003). The pattern of low residuals 551 
on the WSW and ENE side, and high residuals in a NNW-SSE strip down the middle could be 552 
associated with NNW trending tilted fault blocks or a cylindrical fold associated with continuing 553 
tectonic activity on the Wasatch and parallel faults. A comparison of the residuals to the 554 
locations of deltaic depocenters (Currey, 1982) and glacial ice caps (Laabs and Munroe, 2016) 555 
that might have caused additional deformation does not reveal any obvious spatial relationship 556 
(Fig. 10C).  557 
 558 
5. Conclusions 559 
We revisit the deformed elevational pattern of Lake Bonneville and Lake Lahontan shoreline 560 
features to investigate the different contributions to their deformation. The first order signal is the 561 
unloading of these extinct lakes, which leads to a domal deformation pattern in the lake 562 
 23
shorelines. In line with previous work, we find that the degree of lake rebound is indicative of a 563 
thin elastic lithosphere and weak upper mantle, consistent with the wider tectonic context of this 564 
region. Upon correction for lake rebound, we find that the residual shorelines show a systematic 565 
and statistically significant northward dipping trend, a pattern that is consistent with a regional tilt 566 
induced by the peripheral bulge created by the extinct Laurentide ice sheet. We perform a suite 567 
of ice age calculations and find that the fit to the shoreline data is improved when we include the 568 
loading and associated deformation of the Laurentide ice sheet. We explore what ice sheet 569 
reconstructions and viscosity profiles produce the best fit to the observed shorelines. We find 570 
that while ice volume is a primary control on the size of the peripheral bulge, this effect is 571 
counter-acted by self-gravity of the ice sheet, resulting in a good fit between the rebound 572 
corrected shoreline observations and the predicted tilt for both large (ICE-6G) and small 573 
(NAICE) ice sheets. However, the ice distribution affects the size and orientation of the 574 
peripheral bulge and we find that an ice model with most of its ice volume in the eastern 575 
Laurentide (ANU) is less compatible with the rebound corrected shoreline observations. Lateral 576 
variations in Earth’s viscoelastic structure can also affect the orientation of the peripheral bulge 577 
and might counteract this misfit. Largely independent of the ice sheet model, we find that the tilt 578 
is only obtained when the viscosity profile exhibits low viscosities relative to Laurentide centered 579 
estimates, which could occur in the upper or lower mantle. Since this result is consistent across 580 
the different ice models, it supports the emerging notion that lateral variations in Earth’s internal 581 
properties are significant and must be considered in global sea level studies (Li et al., 2018). 582 
Remaining residuals likely are related to tectonic deformation with possible implications for 583 
seismic hazard assessment. 584 
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Figures 610 
Figure 1: Lake level chronology and shoreline elevations for Lake Lahontan and Lake 611 
Bonneville. A, B) Reconstruction of lake level curve for Lake Lahontan (black curve from 612 
Benson et al., 2013, which is used here; light blue curve from Reheis et al., 2014) and Lake 613 
Bonneville (Oviatt, 2015). For Lake Bonneville, the elevation has been adjusted to account for 614 
the rebound of the shoreline (Oviatt, 2015). We extended the Provo stage until 14 ka to test 615 
different timings for the duration of the Provo shoreline (dashed line indicates original 616 
reconstruction by Oviatt (2015); solid line indicates the curve used here). C) Geographic setting 617 
of Lake Lahontan and Lake Bonneville. D-F) Reconstructed still water level (SWL) from the 618 
Sehoo, Bonneville, and Provo shoreline features, respectively. Reconstructions are based on 619 
the original data by Adams et al. (1999); Chen and Maloof (2017); Currey (1982). Points that 620 
have been removed due to other deformation processes are shown as transparent markers with 621 
dashed outline. 622 
623 
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Figure 2: Schematic effect of Laurentide ice sheet on Western U.S. lakes. A) 624 
Reconstruction of relative topography at 18 ka based on the ICE-6G VM5 ice and Earth model 625 
(Peltier et al., 2015). The thick grey line indicates the outline of the ice sheet at 18 ka. Lake 626 
Lahontan (west) and Lake Bonneville (east) are shown with a black outline, positioned roughly 627 
at 40?N. B) Schematic illustration of the effect of the Laurentide ice sheet on paleolakes in the 628 
western U.S. Paleoshorelines of lakes on the distal side of the peripheral bulge are predicted to 629 
dip down towards the ice sheet today. This is a result of the combined effects of solid Earth 630 
deformation, which leads to a downward dip, and a changing gravitational pull of the Laurentide 631 
ice sheet, which acts to reduce the total downward dip.  632 
 633 
634 
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Figure 3: Different ice sheet models. A-C) Ice sheet thickness at 18 ka from ice model ICE-635 
6G (Peltier et al., 2015), the ANU ice model (Lambeck et al., 2017) and NAICE (Gowan et al., 636 
2016), respectively. D) Sea level equivalent ice volume during the deglaciation for the 637 
southwestern part of the Laurentide ice sheet (red box in panel C) during the deglaciation.  638 
 639 
640 
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Figure 4: Constraints on Earth structure based on lake rebound. Misfit between the 641 
predicted SWL and the observed SWL for different Earth models with varying thickness of the 642 
elastic lithosphere (vertical axis) and sublithospheric viscosity (horizontal axis). The viscosity 643 
below 300 km follows VM5 (Peltier et al., 2015). Panels A, B, and C show results for the Sehoo, 644 
Bonneville, and Provo lake stages, respectively. The misfit is quantified as the reduced chi-645 
squared value (i.e., ????? ; Eq. 1 with m=2). The white box indicates the model parameters we 646 
use for the rest of this study.  647 
  648 
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Figure 5: Data-model comparison for lake rebound. Comparison between the predicted SWL 649 
and the observed SWL for our preferred Earth model (white box in Fig. 4). Panels A, B, and C 650 
show results for the Sehoo, Bonneville, and Provo lake stages, respectively. Underlying 651 
contours show the model prediction while overlain circles show the data. Panels D, E, and F 652 
show this comparison as a function of latitude. Black markers are observations and their 653 
associated uncertainties, red markers are the model prediction. Error bars represent 1-sigma 654 
range uncertainties for SWL estimates.  655 
656 
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Figure 6: Residual elevations after lake rebound has been corrected for. Data minus 657 
prediction for the same Earth model as in Fig. 5. Panels A, B, and C show results for the Sehoo, 658 
Bonneville, and Provo lake stages, respectively. Panels D, E, and F show the residuals as a 659 
function of latitude which reveal a clear northward dipping trend. A best fitting trendline 660 
(accounting for elevation uncertainty) is shown by the black line. The marker sizes in all panels 661 
are inversely proportional to the data uncertainty. Uncertainties are scaled the same in panel D 662 
and F, but are different in panel E (applying the same scaling would lead to very large markers).  663 
 664 
 665 
  666 
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Figure 7: Viscosity profiles. Profiles that are associated with the different ice models are 667 
shown in color. Note that the E-6 ANU model in purple is the best-fitting Earth model for the ice 668 
model LW-6 used here and is provided with an uncertainty. The grey bands indicate the range 669 
over which we varied the viscosity. Only certain viscosity profiles are permitted by the tilt in the 670 
Bonneville shorelines (see Fig. 8). The black viscosity profile corresponds to one of the best 671 
fitting profiles for the western U.S. based on fitting the tilt in the lake rebound corrected paleo 672 
shorelines (this viscosity model is outlined by a white box in Fig. 8). 673 
 674 
 675 
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Figure 8: Constraints on the peripheral bulge. Misfit between the residuals (SWL corrected 677 
for lake rebound) and the ice age tilt calculated from different ice and Earth models. Panels A-C, 678 
D-F, G-I show results for the ICE-6G, ANU, and NAICE ice model, respectively. Left, middle, 679 
and right panels show results for the Sehoo, Bonneville, and Provo lake stages, respectively. 680 
The viscosity structure varies in parts of the upper mantle (between a depth range of 300-670 681 
km, vertical axis) and lower mantle (between a depth range of 670-1175 km, horizontal axis). 682 
Above 300 km the Earth structure is identical to what is used in Figs. 5 and 6. The viscosity 683 
below 1175 km is 3 x 1021 Pa s. The misfit is quantified as ?????  (Eq. 1 with m = 4) and the color 684 
scale is centered on the ?????  value obtained without a correction for the ice age tilt. Purple 685 
colors indicate that the fit is worse when the ice age tilt is accounted for, green colors show that 686 
the fit improves. Tiles outlined in black indicate runs that show a significant improvement when 687 
the ice age tilt is corrected for (based on the F-test, solid line is 90% significance level, dashed 688 
line shows 85% significance level). The white box indicates the model parameters used in Figs 689 
9 and 10 and shown by the black line in Fig. 7.  690 
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Figure 9: Data-model comparison of the ice age signal. Comparison between the residuals 693 
(SWL corrected for lake rebound) and prediction from ice age calculation for the viscosity model 694 
shown outlined in white in Fig. 8. Panels A, B, and C show results for the Sehoo, Bonneville, 695 
and Provo lake stages, respectively. Underlying contours show the model prediction, while 696 
circles show the observations. Note the deflection of contours within the lake that arise from 697 
additional lake loading when the ice age tilt is accounted for in the lake rebound calculation. 698 
Panels D - F, show the residuals after correction for the ice age signal as a function of latitude. 699 
Marker sizes in all panels are inversely proportional to the data uncertainty. Uncertainties are 700 
scaled the same in panel D and F, but are different in panel E (applying the same scaling would 701 
lead to very large markers). 702 
 703 
 704 
 705 
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Figure 10: Remaining signal in shoreline elevations. A, B) Residuals after correction for ice 707 
age tilt for the Bonneville and Provo lake stage, respectively. Panel C shows other potential 708 
drivers for post depositional deformation within the Lake Bonneville vicinity. Fault locations are 709 
from USGS (2017), glacial ice caps from Laabs and Munroe (2016), and sediment depocenters 710 
from Currey (1982).  711 
 712 
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